Image sensor has developed for decades. Now, submicron photo sensor device with high performance is required. In this work, a UTBB (ultra-thin body and box) based single transistor image sensor has been investigated. The light collection and signal readout are accomplished by a single transistor, so the pixel of the UTBB image sensor can shrink down to the submicron. The main parameters impacting the performance of the UTBB image sensor such as back voltage, the thickness of the BOX, well doping concentration and well depth are investigated. Besides, the UTBB image sensor can achieve multi-resolution to adapt to different requirements. The performance of the UTBB image sensor is evaluated by TCAD simulations.
I. INTRODUCTION
Image sensors have been widely used in various areas [1] . Image sensors have undergone pixel size reduction, performance improvement and structural optimization for decades [2] , [3] . With the development of process technology, image sensors have been scaling down to meet the increasingly demanding requirements. In some advanced applications such as bioimaging, super-resolution microscopy is required [4] . Recently, an 8K imaging system was applied to endoscopic surgery [5] . In order to obtain high resolution, the pixel size of the image sensor is continuously scaling down [6] . In the traditional CMOS image sensor (CIS), for the purpose of better noise performance, the pixel is composed of a photodiode, reset transistor, driver of the source-follower and addressing transistor [7] , [8] . However, the fill factor of the conventional 3-T (three transistors) CMOS image sensors is inferior. Some works have been done to improve the fill factor. For example, in CMOS image sensor implemented with three dimensional (3D) integration technology, most of the data processing circuit and the pixel array is fabricated in different layers, and the signals can be transferred between the layers through the interconnection. Thus the fill factor of the pixel can almost reach 100% [9] .
However, there are some potential limitations to 3D integration technology, such as the heating effect within the stack and the complexity of design and process [10] . Another way to improve the fill factor is developing 1-T (one transistor) image sensor. Image sensors without charge transfer have been studied extensively and various new structures where the photo-generated charge signal can be magnified and read directly, have been proposed [11] - [13] .
UTBB device has developed for better gate-control ability and reduced leakage current [14] . The back gate modulation can be used to adjust threshold voltage (Vth) [15] , [16] , which can be applied to image sensing. By integrating UTBB and photodiode, some researchers proposed a new image sensor which achieves light collection and signals magnifying within one transistor [17] . The photodiode below the BOX is used to collect optical signal and the photo-generated carriers create a light-induced V T shift in both NFET & PFET transistors by means of capacitive coupling. Such 1-T image sensor can realize both higher fill factor and better scalability.
In this work, we propose and demonstrate a 1-T UTBB image sensor, which converts light signal to electric signal using back bias induced threshold voltage modulation. Upon illumination, the photo-generated charges will be stored under the BOX, changing the threshold voltage and ON-state drain current of the MOSFET. When the pixel is selected, the gate voltage is applied and the drain current of the pixel is read out. Thus the light intensity is evaluated. Back voltage is applied to reset the UTBB for the next round of light detection. As a result, our UTBB sensor achieves light collection, signal magnifying and read out in a single MOSFET, allowing the pixel to scale to hundreds of nanometers.
TCAD tool Sentaurus [18] is used to investigate the performance of our UTBB image sensor. The drift-diffusion model, Philips unified mobility model, high field saturation models and Shockley-Read-Hall (SRH) generation recombination model are used for electrical simulation. Raytracing method is adopted for optical simulation.
The rest of the paper is organized as follows: In Section II, the device structure and operation principle are introduced. In Section III, the simulated electrical characteristics of the UTBB image sensor are presented. Finally, conclusions are given in Section IV.
II. DEVICE STRUCTURE AND MECHANISM
The pixel cell structure of the UTBB image sensor is shown in Fig. 1 . A p-well is formed in the undoped silicon substrate and an n-channel UTBB transistor is placed above the well. For the sake of better light absorption, the incident light can only pass through the exposure region to avoid light absorption in the transistor. After penetrating the BOX, photons are absorbed by the p-well under the exposure region and converted into photo-generated carriers. Around the pixel, SiO2 shallow trench isolation (STI) surrounding the p-well is used to suppress crosstalk between pixels. The main structure parameters are shown in Table 1 .
The UTBB image sensor has four main operation stages: initialization, exposure, readout and reset. Table 2 shows the bias conditions under different operation stages. Before each detection cycle, the image sensor should be reset to clear the carriers generated in the previous cycle. After reset, the image sensor is initialized and all terminals are biased to 0V. During exposure, Vd is set to 0.8V and Vb to −0.8V, i.e., Vdb = +1.6V. An electric field is set up inside the p-well, where the absorbed photons are converted into photo-generated carriers. The photo-generated electrons move towards the BOX under the electric field. Note that the electrostatic potential under the BOX becomes more negative due to the carriers' accumulation. The change of the electrostatic potential under BOX works as back gate modulation and increases the threshold voltage of the MOSFET above. In the readout stage, when the gate voltage is applied, due to the shift of threshold voltage, the ON-state current of the transistor would decrease after illumination. After readout, the device is reset again for the next cycle of detection. Intuitively, Vb is set to 1.6V with Vd = 0V to reverse Vdb in the exposure and readout stage. However, the device can also be reset when Vdb is 0V, which will be explained in Section III in detail.
The transfer characteristics of the UTBB image sensor under dark and different illuminated conditions (550nm; varying light intensity) are plotted in Fig. 3 . The threshold voltage of the NMOS increases after illumination. As the light intensity increases, the threshold voltage increases continuously. Fig. 4 shows the relationship between light intensity and Vif, | Vth| and | Ion|. Vth is extracted at a constant |Id| = 10 −8 A/µm. As the light intensity increases, Vif declines continuously. Consequently, the | Vth| rises from 99.5mV to 129.4mV and | Ion| increases from 0.157mA/µm to 0.215mA/µm. Therefore, the light intensity is measured by detecting | Ion|.
III. RESULTS AND DISCUSSION

A. IMPACT OF THE BACK VOLTAGE ON PERFORMANCE
As explained before, the photo-generated carriers are driven by the back voltage Vb. Thus, the accumulation of the photo-generated carriers is strongly dependent on the back voltage. Vb is changed to obtain different Vdb (Vs is set to 0V and Vd is set to 0.8V to keep Vds = 0.8V). As the Vdb increases, more photo-generated electrons gather under the BOX and the shift of Vif is greater. Fig. 5 shows Vif changing during illumination with different Vdb. With Vdb = 0.8V, the shift of Vif is 0.24V, which increases to 1.34V, when Vdb = 2.4V. Fig. 6 shows the Id changes during the illumination with different Vdb. Similarly, | Ion| increases with higher Vdb. In other words, increasing Vdb effectively improves the sensitivity of our image sensor. Fig. 7 shows the Vth with different Vdb under dark and light illumination. When Vdb = 0.8V, Vth is 10mV in dark and 48mV after illumination. With Vdb = 2.4V, Vth increases to 78mV and 248mV in dark and after illumination respectively. The shift of Vth due to illumination is greater with larger Vdb, which also proves the improvement of sensitivity with higher Vdb.
B. IMPACT OF THE BOX THICKNESS ON PERFORMANCE
The thickness of the BOX also plays an important role in determining device performance. The back gate modulation caused by the accumulation of photo-generated carriers under the BOX is the key to the performance of our UTBB image sensor, and the BOX thickness has decisive influences on the back gate modulation. Fig. 8 shows the Vif, | Vth| and | Ion| after illumination with different BOX thickness.
Despite different BOX thickness, Vif is basically the same due to the same light condition. However, the electrostatic potential under BOX can produce more back gate modulation with thinner BOX. As a result, the light sensitivity can be improved by thinner BOX, which is illustrated in Fig. 8 (b) and (c), with 20nm BOX, the | Vth| and | Ion| are 55.9mV and 0.078mA/µm after illumination. As the thickness of the BOX reduces to 10nm, | Vth| and | Ion| are improved to 134.3mV and 0.215mA/µm.
C. IMPACT OF EXPOSURE REGION ON PERFORMANCE
The length of the exposure also has an important influence on performance. Fig. 9 shows the | Id| changes during illumination with different exposure region length. Under the same light condition, the length of the exposure region has little impact on the Id shift. On the other hand, the response times are more sensitive to exposure region length. As exposure region length increases, the response time of Id becomes shorter. The inset shows the | Id| at 1ms after light on. With larger exposure region, the pixel can collect more photons in a short time, so the Id changes faster. However, larger exposure region will lead to an increase in the pixel area. Therefore, the optimized pixel size should depend on the specific application. 
D. IMPACT OF WELL DOPING AND WELL DEPTH ON PERFORMANCE
The photons are mainly absorbed and converted into photongenerated carriers in the doping well under the BOX. Hence, the well doping concentration and the well depth have a great impact on the performance. Fig. 10 shows | Ion| dependence on well doping concentration and well depth. With high well doping concentration | Ion| caused by illumination is smaller. Since the photon-generated carriers are mainly collected at the depletion region of the p-well, high doping level results in smaller depletion region thereby lowering the collection efficiency. Similarly, the well depth also impacts the light sensitivity by influencing the depletion region. When well depth < 0.3µm, | Ion| increases rapidly with the well depth. However, when well depth > 0.3µm, | Ion| tends to saturate. That means that the depletion width has reached the maximum ∼ 0.3µm at the given doping concentration of 5 × 10 16 cm −3 . To sum up, the well doping concentration should be lower and well should be deep enough to get better light sensitivity. Fig. 11 shows the drain current change in one detection cycle under dark and illuminated condition. During the readout stage, the current difference between dark and light (0.2mA/um) is sufficiently large to be distinguished by the peripheral circuit.
E. PERIODIC WORKING PROCESS OF UTBB IMAGE SENSOR
In order to achieve continuous operation, the reset process of the UTBB image sensor needs to be investigated. Fig. 12 compares the reset process with different Vb in reset stage. The reset voltage Vdb is −1.6V and 0V in Fig. 12 (a) and (b) respectively. The image sensor is illuminated in Cycle 1 and kept in dark in Cycle 2. The readout current in Cycle 2 is basically equal in these two cases, implying that their reset effects are basically the same. This can be explained by Fig. 13 , which shows the electron density under the BOX after reset.
As shown in Fig. 13 , after illumination, the high electron density can only be maintained when the Vdb is negative enough. It is found that the electrons accumulated under the BOX will be cleared no matter Vdb = −1.6V or 0V, because when Vdb = 0V or more positive, the electron density under the BOX will drop abruptly and the potential under the BOX is reset, i.e., Vdb = 0V is enough for reset. Therefore, the detection cycle can be simplified by combining initial and reset into one stage.
F. COMPLEMENTARY UTBB IMAGE SENSOR WITH MULTI-RESOLUTION
The complementary UTBB image sensor is composed of two UTBB single transistor image sensors with different dopingtype wells as shown in Fig. 14. The structure parameters and bias condition of the n-well transistor are the same as the p-well transistor, except the back voltage.
Opposite to that in p-well, the Vdb in n-well transistor is negative, which drags the photo-generated holes towards the BOX. That will raise the electrostatic potential under the BOX. Consequently, the threshold voltage of the NMOS will decrease. The transfer characteristics of the n-well UTBB image sensor under dark and different illuminated condition are plotted in Fig. 15 .
In Fig. 15 , the threshold voltage of the NMOS decreases after illumination. As the light intensity increases, the threshold voltage decreases continuously. The phenomenon is opposite to that of the p-well device. By detecting differential current I diff between complementary UTBB image sensors, the light sensitivity can be improved. Fig. 16 shows I diff in one detection cycle under dark and illuminated condition. Compared with Fig. 11 , the change of differential current between dark and illuminated condition is more significant. Thus the complementary UTBB image sensor can achieve better light sensitivity by sacrificing a little resolution. Since the complementary UTBB image sensor can also be divided into two independent 1-T UTBB image sensors, it can work flexibly in either high-resolution mode, or high-sensitivity mode. In high-resolution mode, every single transistor UTBB image sensor works independently. In highsensitivity mode, two complementary transistors are grouped into a larger pixel where the light sensitivity is improved by detecting differential current.
IV. CONCLUSION
In this paper, we have designed a novel UTBB image sensor which achieves submicron pixel resolution. The device is based on the back gate modulation caused by photogenerated carriers in the well. The impact of back voltage, BOX thickness, well doping concentration, well depth and exposure region length on the device performance have been studied in the simulation. The operation scheme of the device and complementary sensor capable of multi-resolution have also been proposed.
